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It has been demonstrated that the disappearance of glucose from defibrinated human blood during incubation at 370 C. is associated with transfers of ions between plasma and cells.2' 7 12, 13 This raises the possibility that the rate of this loss of glucose may be influenced by altering the concentrations of electrolytes present in such a system. The likelihood that such an interrelationship exists is supported by the demonstration that ions serve as catalysts in the glycolytic cycle of animal tissues and of yeasts. 5 The studies in this paper, in part presented in a preliminary note elsewhere,3 describe the influence of various inorganic salts of sodium and of certain inorganic chlorides upon the rate at which glucose disappears from incubated blood.
Procedure
Venous blood withdrawn from healthy adults and diabetic or non-diabetic patients was defibrinated aerobically by stirring with a glass rod during a six-to eight-minute period. Most of the subjects were in the absorptive state. Following the addition of enough of a 25% solution of glucose to raise the concentration of sugar to 159 mg.% or higher, the blood was apportioned in 2.0 or 5.0 cc. aliquots into 25 cc. Erlenmyer flasks.
In the series of experiments presented in Table 1 solutions of NaCl, KC1, or MgCl, in water, 4.0, 2.0, and 0.25 equivalents per liter, were introduced in volumes sufficient to increase the concentration of these ions in the blood samples by 40, 20, and 2.5 milliequivalents per liter respectively. In another group, Table 2 , the effects of similar increases of CaCl2, NH4Cl, and HCl were studied. Table 3 describes changes in the rate of glucose disappearance induced by the addition of Na2SO4, Na2HPO4, NaHCOs, or NaOH. In the final series of experiments, Table 4 , alterations produced by increments of NH4Cl, Na2HPO4, or (NH4) 2HP04 have been compared.
Following the addition of the aqueous solutions of these various salts, and of distilled water only to the control bloods to maintain constant volumes, the Erlenmyer flasks were tightly stoppered and then incubated at 37°C., with occasional shaking, for seven hours. The concentrations of blood glucose were measured in duplicate before and after incubation.', X Control studies indicated that the addition of the various salts did not interfere with the analytical procedure for glucose, and that the results presented in these tables cannot be attributed to bacterial contamination.
Results
In the first twelve experiments presented in Table 1 it is evident that the rate of glucose loss was entirely unaffected by the addition of the chloride Acceleration of glucose disappearance was generally observed in blood in which the two higher concentrations of Na2SO4, Na2HPO4, NaHCO3, or NaOH were present (Table 3) . It is to be noted, however, that in the studies with NaOH maximum increases in the rate at which sugar dis- appeared were observed at 20, and not at 40, mEq. per liter. In a series of comparisons in Experiments 4 through 8, Na2HPO4 in the two higher concentrations accelerated glycolysis to an extent greater than did Na2SO4. A similar quantitative difference was present with the smallest increments in the sense that Na2SO4 occasionally had no effect on glycolysis, while Na2HPO4 invariably hastened it. The results with NaHCO3 and with NaOH using these same small increments were also variable. Acceleration was observed in some of the experiments and no change in the remainder.
The final Discussion Unequivocal evidence has been presented that the addition of certain salts to defibrinated blood can modify the rate at which glucose is converted to lactic acid in zitro. These increments of electrolytes produced comparable effects in blood obtained from both diabetic and non-diabetic subjects. In view of the negative findings in the NaCl studies, and the essentially complete ionization of this salt in solution in body fluids, it seems reasonable to assert that increases in the sodium and the chloride ion exert no effect, or a diametrically opposed one, on the rate of glucose loss. If the former interpretation is correct, the retardation observed with CaC12, HCl, or MgCl2 is to be attributed to the calcium, hydrogen, and magnesium ions respectively. Similarly, the accelerating effect of NH4C1 is presumably related to the ammonium ion. Also, if in accordance with the above reasoning the sodium ion is taken to be without effect on the loss of glucose, the hastening of this process by NaHCO3, Na2SO4, Na2HPO4, or NaOH must be ascribed to the particular ions associated with the sodium. It would appear, therefore, that, except for chloride, the anions which were studied accelerated, while the hydrogen ion and the divalent cations (calcium and magnesium) retarded the breakdown of glucose. The acceleration observed with NH4C1 under these circumstances would be the only example of an acceleration of glucose loss by a univalent cation.
The mechanisms whereby these salts exert their particular effects are not clear. Although changes in the pH toward the acid or the alkaline side have long been known to be associated with a decrease or an increase in glycolysis respectively,20' 21, 24 this does not appear to be the sole explanation for the findings in these studies. Direct measurement of the pH by means of a glass electrode at the end of incubation failed to reveal, except in the case of NaOH, HCI, and NaHCO3, any significant deviation from the control specimens. This can perhaps be most clearly illustrated by citing the results of pH measurements in a representative experiment at the end of seven hours of incubation of blood samples containing salts which failed to affect, retarded, or accelerated glucose disappearance. KCI, CaCl2, and (NH4)2HP04 were added to aliquots of blood in triplicate; at the end of incubation the pH values were found to be 7.62, 7.63, and 7.53, respectively. There is no evidence in this study, nor in others comparable to it, that the increased glucose loss following (NH4) 2HP04 is to be attributed directly to an upward shift of the pH; nor that the retardation observed after CaCl2 is produced by a shift toward the acid side. The slightly lower values in the (NH4) 2HP04 blood may merely reflect the presence of larger amounts of lactic acid as a result of increased glycolysis.18 Similar findings were obtained in studies in which the pH was measured in bloods containing added NaCl, MgCl2, Na2HPO4, Na2SO4, or NH4C1 in 40 mEq. per liter concentrations.4 In all of these experiments the pH of the blood immediately following the aerobic defibrination was found to be approximately 7.8, presumably as a consequence of the loss of carbon dioxide,'6 and a lowering of its temperature following withdrawal.25 With the production of lactic acid from glucose, the pH decreased.8 17 On the other hand, the effects of NaOH, HCl, and NaHCO3, are quite likely related to the optimal pH range for the glycolytic process.18' 21 The complete cessation of glucose catabolism with high concentrations of HCI, and the lesser effects of 40 than of 20 mEq. per liter increases of NaOH in accelerating the process, represent in all probability injury or destruction of blood cells. This is supported by the darker color of blood containing the higher concentrations of HCI and NaOH.
It may be that the alterations observed after addition of the calcium salts were related to hemolysis, since destruction of the blood cells is known to interfere with glycolysis. 6' 9, 15, 19 In a series of separate experiments not reported here it has not been possible to demonstrate retardation following the addition of calcium salts without producing a concomitant hemolysis. Similar results were obtained with another divalent ion, barium, which has the same effect on the disappearance of blood glucose as does calcium and produces an equivalent degree of blood cell destruction.4 However, even though hemolysis may be a factor in the effects produced by calcium, it is not necessarily the sole reason for the retardation of glucose loss.
Calcium might act, for example, by removing from solution as insoluble calcium salts other participants in the cycle, such as phosphates. The studies of Roche and Roche do not clarify this point, since the degree of hemolysis was not noted. 22 A number of observers have commented upon the acceleration of the bloodc glycolytic process following the addition of phosphate salts.10' 14, 22, 23 Mass effects are probably responsible for this increased catabolism of glucose, since the phosphate radicle participates in the intermediate metabolism of this carbohydrate.5 10, 12, 27 On the other hand, explanation of the effectiveness of the sodium sulfate is particularly difficult because increments of the sulfate ion are apparently excluded from blood cells.11 This problem cannot be circumvented by suggesting that the sulfate salt first hemolyzes cells. This does not appear to be the case, even though its concentration is increased by as much as 40 mEq. per liter. It should be pointed out, however, that hemolyzed blood still does respond, though at a lower rate, to the accelerating action of salts which contain the sulfate or phosphate radicle. 4 These findings provide further evidence of the participation of inorganic ions in one type of carbohydrate catabolism. It is realized that in some, but not all, instances the concentrations at which the effects described in this paper were observed outside the realm of physiological alterations.
